Abstract. We describe an experiment based around a scanning tunnelling microscope (STM) designed for an advanced undergraduate teaching laboratory. The STM is used to study the kinetics of graphite oxidation by monitoring the density of oxidation pits that form on the surface of a highly oriented pyrolytic graphite (HOPG) sample which has been heated to 750-800 • C. Our experiment takes the STM beyond its traditional 'look-see' teaching role by exploiting the technique for the acquisition of semi-quantitative data. The students are required to calibrate the instrument, determine the optimum oxidation conditions experimentally and calculate the pit nucleation activation energy for planar graphite. They then determine the distribution of pit diameters as a function of oxidation time and explain their findings. We show typical results and describe the experimental arrangement.
Introduction
The scanning tunnelling microscope (STM) is one of the most exciting scientific inventions of the last twenty years and its inventors, Gerd Binning and Heinrich Rohrer [1] , received the Nobel Prize for Physics in 1985. The STM has made a significant impact in fields as diverse as surface science, electrochemistry and superconductivity [2] and simple table-top STMs are often found in modern research laboratories. Therefore a laboratory experiment which exposes undergraduate students to the STM will be both popular and technologically relevant. The STM provides a marvellous example of the exploitation of several physics concepts to make a sophisticated, yet conceptually simple, measurement technique. Incorporated in the workings of a STM is the physics of piezoelectrics for precise position control, classical mechanics for vibrational isolation, electronic feedback control and image processing, and quantum mechanical tunnelling as the fundamental process on which the technique is based [3] . However, demonstrating these physics concepts using a STM does not constitute an undergraduate laboratory experiment. Thus we found ourselves faced with the challenge of finding an experiment that exploits the STM but also produces some form of quantitative results that extend beyond the simple 'this is an image showing atoms' philosophy. Other undergraduate experiments that we are aware of have consisted of taking an image of a surface and then determining a property of the surface (e.g., bond length, feature height) from the individual image.
In this paper we present an experiment in which the STM is used as the investigative tool to provide semi-quantitative results for an interesting physics problem, rather than as a 'looksee' demonstration machine. The physics we have chosen to study is the kinetics of graphite oxidation. We have designed the experiment to be a genuine teaching laboratory experiment (i.e. simple, robust and reproducible), rather than a research project, but it nonetheless provides students with the opportunity to use the STM in the manner of a research scientist (i.e. calibrate the instrument, take various data sets, analyse results, draw conclusions). Teachers running this experiment will have some flexibility regarding the length of the experiment. In our case the experiment was designed to be performed by third year undergraduates at the Cavendish Laboratory in Cambridge. In our third year course the students have up to one week's worth of laboratory time to complete their experiment and the format is open-ended, meaning that the amount of data obtained depends on the ability and enthusiasm of the students. On completion, the students will have learnt new physics and experimental skills. They will have had some influence on the direction and degree of success of their data-taking and will have also been given a insight into the nature of scientific research.
Background
The experiment involves the investigation of the thermal oxidation of the basal plane of highly oriented pyrolytic graphite (HOPG), and develops the ideas of two research papers [4, 5] by Rabe et al. HOPG is a mosaic of single graphite crystallites whose basal planes are orientated parallel to each other, while their in-plane lattice vectors are randomly distributed within the plane. The fact that graphite is inert at room temperature simplifies the experimental set-up considerably because the experiments can be performed in air (as opposed to under vacuum) without fear of surface contamination by the local environment. At elevated temperatures, the surface of HOPG roughens due to the nucleation and growth of oxidation pits. These oxidation pits are circular holes formed when carbon atoms of the outermost graphite layer are removed by high-temperature (i.e. > 500
• C) oxidation. Two mechanisms of pit nucleation on the surface of HOPG have been observed [4] and treated theoretically [5] . In one mechanism the pits all nucleate at time t = 0 (instantaneous nucleation), whereas for the other mechanism the pits nucleate randomly in time (sporadic nucleation). Once nucleated, the pits grow at a constant radial rate. If a particular sample exhibits instantaneous nucleation then after an oxidation time t all pits will have the same diameter. Alternatively a sample with sporadic nucleation would have a uniform distribution of pit diameters after oxidation time t.
The fact that oxidation pits are produced by nucleation and growth means there are two independent kinetic processes involved. The number of pits is determined by how easily a vacancy (the nucleation site) can be created. Once the vacancy is formed it will grow at a constant radial rate into an oxidation pit. Both the nucleation process and the growth process are thermally activated. After oxidizing at low temperature there will be a small number of small pits, whereas at a high temperature, after the same length of time, there will be many large pits. Where the top layer of atoms has been removed, the second layer is exposed and is also prone to oxidation.
Experimental
The STM we used was a Burleigh Instruments Instructional STM, which is specifically designed with teaching in mind (i.e. it is simple, robust and reliable). In order to isolate the tipsample assembly from external vibrations, the microscope has internal vibrational isolation in the form of a stacked plate-elastomer system. We provided additional vibrational isolation by standing the microscope on a heavy circular plate, which in turn stood on a small semi-inflated inner-tube †. The probe tips were pieces of Pt 80 Ir 20 wire (length 5-8 mm, diameter 0.5 mm) with the imaging end of the wire cut at an angle of approximately 45
• . Regenerating a blunt or ineffective tip was simply a matter of snipping off the last 0.5 mm of the end of the tip. Tungsten tips are a cheaper alternative, but require more preparation ‡. The highly oriented pyrolytic graphite (HOPG) samples ('ZYH' quality from Advanced Ceramics Corporation) were cut into 6 mm × 6 mm × 2 mm pieces using a razor blade. Since HOPG is a layered material, a fresh surface can be prepared by cleaving with sticky tape. The tape is stuck down evenly on the surface and then lifted off, taking the top few layers of the surface with it. The samples were oxidized at temperatures of 500-800
• C, in air, using a tube furnace and temperature controller (West 2050). Once oxidized the samples were attached to the STM sample holder using silver dag §. All STM images were recorded in air, at room temperature. Typical imaging conditions were −20 mV tip bias (with respect to the sample) and 2 nA tunnelling current. Atomic resolution images were filtered to enhance the features that occurred with a regular period (i.e. the atoms). The filtering consists of performing a fast-Fourier transform (FFT) on the raw data, passing the transformed data through a low-pass filter to remove high frequency noise and then performing an inverse FFT on the filtered data. Images showing the oxidation pits were typically 3 µm 2 in size and did not require Fourier filtering. However, a tilt plane was subtracted from these images and the contrast adjusted to highlight features of interest. Most commercial STMs provide software to perform the data manipulation described above.
Teaching objectives and results

Atomic resolution
In the first part of the experiment students obtain atomic-resolution images of the graphite surface and measure the carbon-carbon bond length. The measurement demonstrates the outstanding resolving power of the STM; it also provides a cautionary lesson, as the image is not as easy to interpret as it might seem. Images with atomic resolution should be achieved within an hour and students regularly obtain good images within a few minutes. A typical image, after filtering (as described in section 3), is shown in figure 1(a) . There are two differences between the graphite surface structure shown in figure 1(b) and features in the image of the surface obtained using the STM. Firstly, the nearest-neighbour distance between atoms measured from STM images is √ 3 a, where a is the interatomic distance of the graphite structure. Secondly, features in the image of figure 1(a) are seen to be arranged in a centred hexagonal array, whereas the graphite surface structure consists of an array of open hexagons. These observations indicate that only half of the atoms are visible in figure 1(a) . Electronic differences mean that a top-layer atom directly above an atom in the second layer has different tunnelling characteristics to a top-layer atom above an atom in the third layer [6] .
Calibration for micron-scale scans
Images obtained during the rest of the experiment are of micron length-scale. Students are, at this stage, encouraged to think about equipment calibration and about the conditions under † With the vibrational isolation described in the text we can obtain atomic resolution images of graphite. However, if ambient noise is particularly high (e.g., in a busy teaching lab) then additional methods of noise reduction are: (i) standing the experiment on an optical bench or on a stool whose legs stand in buckets of sand; (ii) acoustically shielding the STM head by surrounding it with an acoustic damping material. A box covered with egg-cartons proves extremely effective.
‡ The standard process for preparing W tips is to etch them electrochemically in a solution of NaOH [3] . Tips produced in this way are very sharp but delicate. A cruder method is to very gently stroke the tip once with a piece of fine sand paper, at an angle of 45 • . This method is quick but less reliable. For teaching experiments, where reproducibility and reliability are paramount, we strongly recommend the use of Pt 80 Ir 20 tips as described in the text. § An alternative method of sample oxidation is to attach the sample to its holder using a high-temperature adhesive (which is likely to be non-conducting), before placing in the oven. Once oxidized, a drop of silver dag can be applied to the edge of the sample to provide a conduction path between the sample and holder. which a calibration is valid. The STM will have been initially calibrated for Ångstrom scale scans (by the demonstrator, before the start of the experiment). However, any piezoelectric scanner has a nonlinear response to large variations of scan size and therefore the microscope requires re-calibration before micron-scale scans are performed. Calibration is simply a matter of imaging a surface which has periodic features of a known separation. Independent calibration of the x and y scales should be performed. The calibration standard we used was a gold grating with periodicity of 4167 Å.
Determination of optimum oxidation conditions
There are two main teaching objectives in this section. The first is to challenge the students to demonstrate a sensible and systematic experimental approach towards determining an optimum oxidation temperature for studying pit growth kinetics, as defined below. The second objective is to demonstrate that quantitative physical data can be obtained from imaging techniques, in this case in the form of the pit nucleation activation energy for planar graphite. We are going to investigate pit growth kinetics by analysing a series of STM images. In order to perform a meaningful analysis the density of pits that are imaged must lie within a certain range. If the pit density is too high then the pits encroach upon each other very quickly, thus making statistical measurements difficult. If the density is too low there are not enough pits per scan for statistical analysis. Another consideration is the radial growth rate of the pits. If the pits grow too fast they again encroach too quickly. If they grow too slowly the oxidation time required is too long. Since both density and growth rate increase with temperature, a compromise must be found between obtaining a few very small pits at lower temperatures and a multilevel pitted surface at high temperatures. Figure 2 shows a typical variation in graphite oxidation over the temperature range from 765
• C to 800 • C. Figure 2 (a) shows the low temperature limit of the process where only a few pits are formed and figure 2(c) shows the high-temperature limit where large pits have coalesced and multi-layer pit growth has occurred. Figure 2(b) shows an image which is suitable for statistical analysis.
For all our samples, pits were found to nucleate randomly in time, i.e. they exhibited sporadic nucleation [4] . The sample shown in figure 2 had an optimum temperature of ≈ 780
• C. However, the optimum temperature varies significantly between samples. The optimum temperature is found by treating a given sample, for a given time, at gradually increasing temperatures between 750
• C and 800
• C. Inspection of images following oxidation enables the optimum oxidation temperature to be found, and the images can also be used to calculate an estimate of the nucleation activation energy. The number density of pits should follow a Boltzmann distribution, n ∝ exp(−E n /k B T ), where E n is a nucleation energy. In order to estimate E n , assuming that there is only a single activated nucleation process, we count the number density of pits at different oxidation temperatures, but for the same oxidation time. Figure 3 shows a graph of ln(pit density) against 1/(temperature (K)). The gradient gives the nucleation activation energy. When measuring the number density we count secondary pits (i.e. pits in the second layer within the boundary of a top-layer pit) because not doing so would result in a reduction of the effective area of the sample †. The activation energy obtained from figure 3 is (4.6 ± 0.5) eV, with the quoted error being purely statistical. The estimate is necessarily crude, but yields a value of the same magnitude as the cohesive energy of carbon. 
Oxidation etch-pit size distribution
The final part of the experiment involves data collection and qualitative interpretation. Having determined the optimum oxidation temperature in subsection 4.3, students now measure the distribution of pit diameters after various oxidation times. There is plenty of scope for the students to discuss their observations and hence make deductions about the nucleation mechanism. Distributions may vary from sample to sample [4] , but students should be able to provide a convincing argument to explain the data they collect.
The experiment is open-ended and the students are encouraged to take additional data that might support any conclusions they have drawn, subject to limitations of time. Figure 4 shows a selection of STM images obtained from a graphite surface that has been oxidized for successively longer times, at 780
• C. The samples are placed into a preheated oven from room temperature so the oxidation time includes the time taken to heat up the samples. The number of pits and the diameter of the largest pit increases with oxidation time.
We obtained pit distributions for oxidation times between 75 s and 135 s. Figure 5 shows a typical pit diameter distribution. In this case the graphite had been oxidized for 105 s. The distributions we obtained exhibit the general characteristics of sporadic nucleation, i.e. the formation of pits of all sizes. In contrast, the instantaneous nucleation mechanism would have resulted in a narrow distribution of pit sizes. A more detailed assessment of the data shows that while the distribution is uniform for small pits, it tails off for larger pits, indicating the presence of an additional nucleation process in the early stages of the experiment. A plausible explanation of the data is that some pits nucleate during the heating up of the sample, either due to a lower activation energy or a local temperature fluctuation. Then, once the sample is at its target temperature, we get the uniform distribution that we would expect from an ideal Markov process.
Concluding remarks
We have found that most students easily manage to obtain the required data within their allocated week. Often the students have taken more data than was asked of them due to their enthusiasm for the work. We find that the open-ended 'research' aspect of the fourth part of the experiment is particularly suitable for giving students a taste of experimental research. We gave considerable thought to the question of how much quantitative/theoretical content to include in the experiment. Modelling the oxidation of a single plane of graphite atoms, via either instantaneous or sporadic nucleation, is too simplistic to provide a useful comparison with experimental data. The extension of such a model to describe a multilayer system (i.e. to describe the real experiment) becomes relatively complicated [5] , and involves solving recurrent equations numerically. Considering the time restrictions imposed on our undergraduate experiments, such modelling would take too long. We concluded that sufficient analytical content already existed in the form of the calculation of the activation energy of nucleation from one data set and the qualitative analysis of etch-pit size distribution from another. However, the theoretical aspect of graphite oxidation offers the opportunity to set up a separate theory project that could accompany the experiment described in this paper. In addition to the analytical theory discussed above, Pakula et al [5] also describe computer simulations of the same system.
